The molecular changes responsible for the evolution of modern humans have primarily been discussed in terms of individual nucleotide substitutions in regulatory or protein coding sequences. However, rates of nucleotide substitution are slowed in primates, and thus humans and chimpanzees are highly similar at the nucleotide level. We find that a third source of molecular evolution, gene gain and loss, is accelerated in primates relative to other mammals. Using a novel method that allows estimation of rate heterogeneity among lineages, we find that the rate of gene turnover in humans is more than 2.5X faster than in other mammals and may be due to both mutational and selective forces. By reconciling the gene trees for all of the gene families included in the analysis, we are able to independently verify the numbers of inferred duplications. We also use two methods based on the genome assembly of rhesus macaque to further verify our results. Our analyses identify several gene families that have expanded or contracted more rapidly than is expected even after accounting for an overall rate acceleration in primates, including brain-related families that have more than doubled in size in humans. Many of the families showing large expansions also show evidence for positive selection on their nucleotide sequences, suggesting that selection has been important in shaping copynumber differences among mammals. These findings may help explain why humans and chimpanzees show high similarity between orthologous nucleotides yet great morphological and behavioral differences.
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INTRODUCTION
Given the low nucleotide divergence between humans and chimpanzees, King and Wilson (KING and WILSON 1975) proposed that regulatory changes must explain the large number of morphological differences between these species. While the importance of cis-regulatory change as a general source of adaptive evolution has been championed in recent years (e.g. (CARROLL 2005) ), few human regulatory regions have been identified that demonstrate signatures of positive selection (reviewed in HAHN 2007b) .
Furthermore, analyses of nucleotide substitutions have provided evidence for a slower rate of molecular evolution in primates relative to rodents, and an even greater "hominoid slowdown" in humans and chimpanzees relative to other primates (ELANGO et al. 2006; WU and LI 1985; YI et al. 2002) . This slowdown in substitution rate means that humans and chimpanzees are extremely similar at orthologous nucleotides. In contrast, studies of both gene duplication (GOODSTADT and PONTING 2006; LYNCH and CONERY 2003) and segmental duplication (CHENG et al. 2005; SHE et al. 2006 ) have found higher rates of change in the primates, with humans showing a greater frequency of gene duplication among the hominoid lineages (FORTNA et al. 2004) . Observations such as these stimulate controversy over whether sufficient evidence is available to judge the relative contributions of different forms of molecular evolution to organismal adaptation (HOEKSTRA and COYNE 2007) . Our study focuses on one area where evidence is particularly inadequate, the rate at which genes are gained and lost from genomes.
Incomplete accounting of changes in gene copy number is partially due to the fact that comparisons of orthologous nucleotides among species ignore genes that are not universally present among taxa. Furthermore, providing evidence of gene absence is 5 difficult and requires deep whole-genome sequencing for all organisms being compared.
Analyses of change in the size of gene families among several prokaryote and viral genomes shows that copy number changes can be substantial (DAUBIN et al. 2003; MCLYSAGHT et al. 2003) . A limitation of these previous studies has been the absence of a statistical framework necessary for making probabilistic statements about the causes of change in gene family size (such as are well-developed for the evolution of nucleotide substitutions; (LI 1997) ). The completion of several mammalian genomes in recent years as well as improved statistical methods now offer the possibility of a more complete accounting of the molecular changes important to human evolution.
In the following we apply a likelihood model for studying gene family evolution (HAHN et al. 2005 ) that estimates the rate of gene turnover-including both gene gain and loss-across the phylogenetic tree of the deeply sequenced mammals: dog, rat, mouse, macaque, chimpanzee, and human. The current study improves on our previous efforts to account for gene family evolution by incorporating a novel method that allows for lineage-specific rates of gene turnover. We find that there is a highly significant acceleration in the rate of gene turnover in both the primates as a whole as well as in the two hominoid species relative to macaque. We also use multiple alternative methods for analyzing gene gain and loss to demonstrate the robustness of our results.
MATERIALS AND METHODS

Data collection:
We used the genomes of Macaca mulatta (rhesus macaque; Mmul 1.0 assembly), Canis familiaris (dog; CanFam 1.0 assembly), Rattus norvegicus (rat; RGSC 3.4 assembly), Mus musculus (mouse; NCBI m36 assembly), Pan troglodytes (chimpanzee; PanTro 2.1 assembly), and Homo sapiens (human; NCBI 36 assembly).
Each of these genomes has been shotgun-sequenced to at least 6X coverage and has been estimated to be at least 96% complete. To avoid problems associated with recognizing different splice variants in different species, we included only the longest isoform for each gene in each genome. We used gene families as defined in the Ensembl database (v.41; www.ensembl.org). After excluding transposable elements and pseudogenes the resulting dataset includes 119,746 genes in 9,990 gene families across all six species (Supplementary Table 1 ).
The phylogenetic tree and estimates of most of the divergence times are from Springer et al. (SPRINGER et al. 2003) , as it contained the largest number of relevant dates based on a single data set (16,397 aligned nucleotides from 19 nuclear and three mitochondrial genes). These divergence times are broadly consistent with other estimates (ADKINS et al. 2003; DOUZERY et al. 2003; STEPPAN et al. 2004) . Divergence times for human, chimpanzee and macaque were taken from other studies (KUMAR et al. 2005; NEI and GLAZKO 2002; PATTERSON et al. 2006) , as both chimpanzee and macaque were not included in the Springer et al. study. Reanalysis of the data using the most extreme value for mouse-rat divergence in the literature (33 MY; (NEI and GLAZKO 2002) ) or increasing the human-chimpanzee split to 10 MY does not qualitatively impact our conclusions (Supplementary Table 2 ).
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Estimating rates of gene gain and loss: In order to estimate rates of gene gain and loss, we applied an updated version of the likelihood model developed by HAHN et al. 2005) . This method models gene family evolution as a stochastic birth and death process, where genes are gained and lost independently along each branch of a phylogenetic tree (note that this probabilistic model is not related to the verbal "birth-and-death" model of Nei and colleagues that aims to explain the high similarity among some tandemly arranged duplicates; (NEI et al. 1997) ). A parameter, λ, describes the rate of change as the probability that a gene family either expands (via gene gain) or contracts (via gene loss) per gene per million years. The new implementation of this model allows for the λ parameter to be estimated separately for independent branches of the phylogenetic tree, as well as allowing for a wider range of simulations. The model assumes gene gain and loss occur with equal probability for each rate λ. Note that this equilibrium assumption implies only that genomes are neither consistently expanding or contracting within our limited phylogenetic context, not that any particular gene family must experience equal numbers of gains and loses. Furthermore, stochastic birth and death models have been shown to reproduce the distribution of gene family sizes within taxa across a wide range of organisms when gene birth and death occur at equal rates (KAREV et al. 2002) . The probability of going from an initial number of genes, X 0 = s, to size c during time t, X t = c, is given by:
. If X 0 = 0 then there is no chance of birth or death, as 0 is an absorbing boundary. We therefore only include families inferred by parsimony to have been present in the mammalian MRCA .
For gene families inferred to be present in the MRCA of mammals (n=9,990), parameters are estimated by maximizing the likelihood of the observed family sizes.
Starting from the hypothesis that primates show an accelerated rate of gene gain and loss, we tested a range of models with local parameters for one or more primate lineage (Supplementary Table 2 ). The likelihood of models with >1 rate parameter were compared to nested models in a likelihood ratio test assuming that the negative of twice the difference in log-likelihoods between nested models is χ 2 -distributed with degrees of freedom equal to the number of excess parameters. Non-nested models were compared using Akaike's Information Criterion (BURNHAM and ANDERSON 2002) . The updated version of our software package used to conduct this analysis (CAFE v2.0) is available at http://www.bio.indiana.edu/~hahnlab/Software.html.
Gene tree analysis:
To build gene trees for the 9,990 gene families considered, we downloaded the protein alignments for each family from Ensembl. We then generated neighbor-joining trees in PHYLIP (FELSENSTEIN 1989) using JTT protein distances for 9,920 of the 9,990 gene families (PHYLIP could not handle trees with more than 284 genes). We reconciled the resulting gene tree with the species tree using the NOTUNG software package (CHEN et al. 2000) ; the bootstrap threshold for uncertainty in the gene tree was set to 90%. We considered informative branches to be the six external branches leading to extant taxa, as well as the [human, chimp] and [mouse, rat] ancestral branches. This was done to minimize the number of inappropriate duplications 9 inferred when the gene tree is inaccurate-extraneous duplications will not be placed on these branches (HAHN 2007a) . We estimated the number of duplications via the likelihood method by inferring the size of each gene family in ancestral nodes and comparing these numbers to current family sizes. Larger daughter node sizes imply gains of genes, and total gains are the number summed across all 9,990 families for each branch.
Significant changes in individual families:
To identify individual families that have had expansions or contractions larger than expected after accounting for overall rate variation among the mammals, we ran Monte Carlo simulations for all 9,990 families included in the full analysis (HAHN et al. 2005) . These simulations provide P-values for the hypothesis that each family is evolving according to the null birth and death process.
A low P-value for a given family implies that the observed differences in size among lineages are too large to be explained by chance.
To calculate P-values, rate estimates from the best-fit model (see Rate of gene gain and loss below) were used to generate likelihoods for each family. This likelihood was then compared to a null distribution of likelihoods generated by randomly evolving gene families over the phylogenetic tree with the same best-fit model 10,000 times. The P-value for each family is taken as the position of the observed likelihood in this null distribution (see (HAHN et al. 2005) for additional details). At P<0.0001, fewer than 1 significant result is expected by chance among the 9,990 gene families tested.
For the families significant at P<0.0001, we determined which branches of the phylogenetic tree had the most significant expansions or contractions. To do this we calculated the exact P-value of the transition from the inferred parental node to the observed daughter node (HAHN et al. 2005) . For the [human, chimp] and [macaque [human, chimp] ] ancestors, we used the numbers of gains and losses from gene tree reconciliation to infer the size of each of the significant families at these nodes. this is due to boundary effects on the parameter estimates of positive selection (WONG et al. 2004) .
Analysis
RESULTS AND DISCUSSION
Rate of Gene Gain and Loss
Estimation of rates via maximum likelihood: Due to differential gene gain and loss along individual lineages the size of gene families can differ among species, from zero to hundreds of copies. We used the sizes of 9,990 gene families in the genomes of macaque, human, chimpanzee, rat, mouse, and dog (Supplementary ). Individual parameter estimates from the 3-parameter model are consistent with the rate of gene duplication per million years estimated previously for mouse (WATERSTON et al. 2002 ), rat (GIBBS et al. 2004 , and human (LYNCH and CONERY 2003) using different methods.
We conducted several checks to ensure the accuracy and significance of rate estimates via our likelihood method. In order to examine the influence of heterogeneity in genome annotation among species, we removed each species, one at a time, and reestimated branch-specific rates (Supplementary Table 2 ). Importantly, the observed acceleration remains significant when the chimpanzee or human genomes are removed from the analysis, indicating that the results are not due to an incomplete assembly of the chimpanzee genome or to the relatively high-quality human annotation. The results are also significant after removal of any of the other individual genomes. To examine the effect of any outlying data, we tested models after removing the potentially disproportionate influence of the largest gene families, including olfactory receptors and zinc fingers (Supplementary Table 2 ). The accelerated rates of change in the primates remained significant after removal of these families (Supplementary Table 2 ).
To test the assumption that the negative of twice the difference in log-likelihoods between our nested models is χ 2 -distributed, we used a 1-parameter model to simulate data and then estimated the likelihood of this data under both 1-p and 3-p models (where the 3-p model corresponds to the best-fit 3-p model from above). The likelihood ratio between these two estimates can then be used as a null distribution for comparison to the ratio in the observed data. Supplementary Figure 1 shows that the observed ratio is still highly significant using the simulated data (P<<0.002). This figure also shows that the χ 2 distribution is overly liberal for the tests being conducted: only 5% of simulated datasets should have a likelihood ratio >6 with 2 degrees of freedom, while approximately 95% of simulated values are above this threshold.
Given that the 3-parameter model provides the best-fit to the data, we also used simulations to assess the accuracy of our rate estimates. Using the estimated rate for the 1-p model (λ=0.0017), we simulated data over the mammalian phylogeny for each of the 13 9,990 families, setting the root sizes equal to the maximum likelihood sizes estimated for each family in our dataset. For 500 simulated datasets, we estimated λ-values under both the 1-p and 3-p models. For none of the 500 simulated datasets did we find the estimated primate rate to be as high as in the observed data (maximum simulated λ 3 =0.0019; observed λ 3 =0.0039; Supplementary Figure 2) , nor was this value ever as great relative to the rest of the tree as in the observed data (maximum simulated λ 3 /λ 1 = 1.3; observed λ 3 /λ 1 =2.79; Supplementary Figure 3) . These results indicate that the likelihood method does not show a bias that would result in over-estimating rates of evolution on the primate branches (P<<0.002). However, it does appear as though there is a slight bias towards under-estimation of rates on very long branches of the phylogenetic tree (Supplementary Figure 2) . This is most likely due to multiple gains and losses in the same family masking one another (HAHN et al. 2005 ).
Finally, we used simulations to test the robustness of the assumption in our model that there are equal probabilities of birth (gain) and death (loss). In particular, we asked whether we were more likely to reject the null hypothesis of one global rate-parameter if birth>>death on a branch of the tree (such as is observed in humans). To test this assumption we simulated 1000 datasets for the three primate species under a 1-p model (λ=0.0017); we then also made 1000 identical datasets, except that all losses on the human branch of the tree were made into gains (so that 1 loss=1 gain, 2 losses=2 gains, etc.). This simulation method should maintain the overall rate of change, but shift the changes in family size from births=deaths to births>>deaths along the human branch of the tree. We calculated the likelihood ratios for each dataset of a model with one parameter versus a model with two parameters, one for the human branch and one for all 14 other branches. Our results clearly indicate that we were no more likely to reject the null when birth>>death (Supplementary Figure 4) . The λ-parameter estimate for the human branch was also not higher using the birth>>death dataset.
Corroborating evidence: To further determine the robustness of our results, we used three independent methods for inferring gene duplications: gene tree-species tree reconciliation (DURAND et al. 2005) , whole genome assembly comparison (WGAC) (BAILEY et al. 2001) , and whole-genome shotgun sequence detection (WSSD) (BAILEY et al. 2002) . Each of these methods use slightly different assumptions or data than our likelihood method, and should provide independent evidence for gene duplications or losses.
The total number of genes gained via duplication and loss can be estimated by reconciling gene trees for each family with the underlying species tree (e.g. (ZMASEK and EDDY 2001) ). This method does not assume a specific probability model for changes in gene family size, and therefore represents an independent method for assessing differences in the rate of gene gain and loss. To carry out this analysis we built gene trees for 9,920 of the 9,990 gene families (see Materials and Methods). We then reconciled the gene tree for each family with the species tree using the NOTUNG software package (DURAND et al. 2005) . Over all informative branches there is a highly significant correlation between the number of duplications inferred via the gene tree and In contrast to WGAC, the whole-genome shotgun sequence detection (WSSD)
method (BAILEY et al. 2002) identifies duplicates based on unincorporated reads from whole-genome shotgun assemblies; it therefore identifies duplicates that are too similar to be split apart in the assembly process. These highly similar sequences may either be very should not be a correlation between duplications in our analysis and WSSD as the latter explicitly addresses duplications not included in genome assembles. We conclude that gene conversion has not played a major role in apparent gene losses. The congruence of our likelihood results with results from the WGAC, WSSD, and gene-tree/species-tree reconciliation methods suggests that the observed increase in the rate of gene turnover in primates is not an artifact of either our analysis or of genome assembly.
Possible mechansims of rate acceleration: Both mutational (BAILEY et al. 2003) and selective (LYNCH et al. 2001; SPOFFORD 1969) forces have been proposed as mechanisms of increased rates of gene duplication. Increased levels of unequal crossover during meiosis due to non-allelic homologous recombination among transposable elements (TEs) may result in more gain and loss of DNA. An explosion of transposable elements in the primate lineage approximately 35 million years ago (SHEN et al. 1991) could explain the lineage-specific differences in mutational input (BAILEY et al. 2003 ).
An increase in the rate of fixation of gene duplicates in species with smaller effective population sizes (LYNCH et al. 2001) could further accelerate the overall rate of gene gain. Taken together, these two mechanisms may be sufficient to explain the patterns observed here. If an increase in mutational input from TEs predates the split of the macaque and great ape lineages, then all descendant species may show a slight acceleration in the rate of DNA gain and loss. Decreased population sizes in the hominoids then further contribute to rates of gene turnover, leading to even more gene gain and loss in these lineages. Further work into the mutational and selective forces that result in increased rates of turnover will need to be done to clarify the exact processes responsible.
Accelerated rate of change in individual gene families
In addition to the proposed non-adaptive explanations for gene gain and loss, natural selection may have acted on individual gene families to promote expansion or contraction. Using our likelihood method, we identified individual gene families that have undergone large enough changes in any of the primate lineages to suggest evidence for adaptive evolution (Materials and Methods). Over the whole tree, 180 families show expansions or contractions that are extremely unlikely to be due to random gain and loss of genes (all P<0.0001). Among these families, 108 have individually significant changes (P<0.01) along at least one of the four primate lineages (human, chimp, great ape [human-chimp ancestor], and macaque) even after accounting for the lineage-specific rate acceleration in the primates. The number of changes inferred on each of these lineages was also confirmed by examining the gene tree for each family. These changes may therefore represent instances where natural selection has acted to increase or decrease the copy number of genes underlying a particular biological function. Figure 2 presents the families with significant changes in human, chimpanzee, and macaque.
Several gene families have undergone significant expansions in the lineage leading to modern humans, including previously identified families (BIRTLE et al. 2005; GOODSTADT and PONTING 2006; POPESCO et al. 2006; SHANNON et al. 2003) . Of particular note is the gain of nine genes in the centaurin gamma family (humans have 15 copies, none of the other mammals has more than 7). Centaurin gamma 2 is a member of this family and is a brain-related gene thought to play a major role in the etiology of autism (SEBAT et al. 2007; WASSINK et al. 2005) ; an otherwise conserved noncoding sequence in Centaurin gamma 2 also shows an accelerated rate of evolution in humans (PRABHAKAR et al. 2006) . A gene tree for the centaurin gamma family is shown in Figure   3 . A BLAST search of the chimpanzee genome revealed two unannotated, possibly functional centaurin gamma genes (data not shown); the total number of genes gained in humans would still be significant even if the existence of these putative genes is confirmed in the future. Other biologically-interesting families with expansions in humans include a double homeobox transcription factor family, a golgin subfamily involved in multiple autoimmune disorders, and an immunoglobulin heavy chain variable region gene family with ten gains in humans.
We also find remarkable expansions in multiple gene families in macaque ( In each of these cases, there are at most two genes contained within a single segmental duplication. These results imply that large segmental duplications are not responsible for large gains in numbers of genes, and consequently that natural selection likely plays a larger role in significant expansions of individual gene families than does mutation.
Previous results (BIRTLE et al. 2005; DEMUTH et al. 2006; POPESCO et al. 2006; SHANNON et al. 2003) 
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) reveals that only 1.7% (178/10,376) of these genes showed evidence for positive selection. Though there may be differences in power to detect selection between these two datasets because of unequal sample sizes, we have used a more conservative method for detecting positive selection (Materials and Methods). These results therefore support the idea that natural selection acts at a multiplicity of levels in molecular evolution, and suggest that adaptive processes responsible for the maintenance of gene duplicates (e.g.
(HUGHES 1994)) may be more prevalent than previously appreciated.
CONCLUSIONS
In their original hypothesis for the role of cis-regulatory changes in human evolution, King and Wilson (KING and WILSON 1975) and recent gene losses (e.g. (OLSON 1999; WANG et al. 2006) ). The accelerated rate of evolution in primates further suggests that duplication and loss of genes has played at least as great a role in the evolution of modern humans as the modification of existing genes.
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